When a muscle contracts against a load less than one that would result in an isometric contraction, it shortens and does external work. In skeletal muscle at a particular initial length, and in heart muscle at a particular length and inotropic state, the extent and speed of shortening and the efficiency of the contraction depend upon the load (2) (3) (4) (5) . In an earlier study we showed that in the normal conscious dog at rest the systemic load and the left ventricle were so matched that during contraction maximal external work was done and maximal power was transferred to the systemic circulation (6) . These conclusions were reached by studying successive contractions at different loads, but the load itself was not measured directly. The present study concerns the development of methods to measure the load in man, based on ventricular volume and pressure measurements. The relationships between external work and power transfer, velocity of muscle shortening, and load during left ventricular contraction were investigated. Methods Theoretical considerations. The relation between force, and pressure and volume in the heart was recognized by Stephen Hales (7) . In recent years it has been outlined in detail by several authors (8, 9) . The force acting radially on the inner surface of the ventricle at any time during systole is the product of the intraventricular pressure and surface area at that time. If the left ventricle is assumed to be a sphere (surface area = TrD2), the mean force acting on the ventricle over the whole of systole (PT) may be ex-* Submitted for publication November 23, 1964 ; accepted April 22, 1965. This work was supported by grant no. G.168 from the National Heart Foundation of Australia. Some of these data were presented at the February 1965 meeting of the Australian Physiological Society and appeared in abstract form (1) . [1] where FT is the mean force opposing ventricular ejection; P is the instantaneous intraventricular pressure during systole; D is the instantaneous diameter during systole of the ventricle, which is assumed to be spherical; t1 is the time at end diastole; and t2 is the time at end systole. This is taken as the point at the end of ventricular contraction at which the intraventricular pressure falls to its lowest level. If the walls and the cavity of the ventricle, which is assumed to be spherical, are considered to be transected by an imaginary plane that passes through the equator, the mean force tending to separate the ventricle into two hemispheres during contraction (FM) is related to the mean force opposing ejection (FT) in the ratio of r2/D2 (where r = radius), i.e., 0.25. This is the resultant mean force (FM) exerted by all the myocardial fibers perpendicular to this plane.
In terms of the model there are periods at the beginning and at the end of systole, corresponding to isovolumetric contraction and relaxation, during which there is no fiber shortening and no change in D. The forces opposing ejection during these phases of systole can be determined if end-diastolic and end-systolic volumes and intraventricular pressure are measured (volume of a sphere = 0.5237D3).
During ejection the muscle fibers shorten and D changes. Fiber length is represented by circumference (rD).
Provided aortic pressure is also measured to record the ejection time, values for D during ejection could be obtained if the circumference of the left ventricle shortened at a constant rate. If this latter is assumed, values for surface area can be found throughout ejection. Values for FT and Fm may then be calculated from Equation 1 from the values for surface area and intraventricular pressure.
In the first part of this study the hypothesis that the circumference of the left ventricle shortens at a relatively constant rate was tested in dogs under physiological conditions, and the errors introduced into the calculation of the forces opposing ejection by using this assumption were evaluated. In the second part this assumption was applied to man in order to calculate the force opposing left ventricular ejection. Dog experiments. In 6 dogs under general anesthesia, coreless flow transducers were implanted around the root 1295 D. E. L. WILCKEN of the aorta as previously described (6) . About a week later, under local anesthesia, a catheter with a micromanometer of high frequency response attached to its tip (Telco intracardiac manometer) was introduced through either the femoral or carotid arteries and passed into the left ventricle. The signals from the flow transducers were recorded by a sine-wave electromagnetic flowmeter of the type described by Elliott, Hoffman, and Guz (10) and displayed on a photographic recorder.'
With the dog lying undisturbed and breathing quietly, aortic flow (Q) and left ventricular pressures were recorded simultaneously at a paper speed of 200 mm per second. The dogs used had been frequently handled and were trained to lie quietly on a table, so that with a liberal use of local anesthesia it was possible to make these measurements with the dog fully conscious and co-operative and without apparent discomfort to it. The flow transducers were calibrated in vivo for each animal by recording three dye dilution curves simultaneously with the flow signals. Cardiogreen was used as the indicator. Changes in dye concentration were sensed with a Gilford densitometer model IR, and a constant flow withdrawal system was used.2
The end-systolic and end-diastolic volumes were not measured in these dogs, but were calculated from the stroke volume and from assumed values of 30%s, 50%, and 70% for the ratio of end-systolic to end-diastolic volume (ESV/EDV). A value of 50% is approximately that found for this ratio in dogs in good condition by Chapman, Baker, and Mitchell (11), using biplane cineangiography, and by Holt (12), Swan and Beck (13), Rapaport, Wiegand, and Bristow (14) , and Wilcken (15) , using the indicator dilution principle. It was not thought necessary to measure actual values for ESV/EDV as absolute values for force and shortening rate were not under consideration in the dog experiments. The range 30% to 70% for ESV/EDV certainly embraces the values that were actually present in these dogs.
Allowing for a delay of from 2.5 to 5 msec in the flowmeter (10), measurements of flow and pressure were made at 10-msec intervals throughout systole. The amount of blood (V) left in the ventricle at each time interval throughout ejection was calculated by subtracting the integrated ejected volumes from the EDV, since Q = -dV/dt. The circumference of the inner surface of the ventricle (7rD) was calculated at each time interval from the volume of the ventricle (volume = KD3; therefore circumference = Tr'V/K). The rate of shortening of the circumference was calculated at each 20-msec interval during ejection.
The circumference found was compared with that which would have obtained had the muscle as a whole been shortening at a constant rate. The surface area (rD2) at each interval was also calculated (surface area = ir[4V/K]2), both from the volumes obtained by subtraction of the integrated ejected volumes and from those that would muscle as a whole were shortening at a constant rate. Each series of values for surface area was used to find from Equation 1 a value for the mean force opposing ejection. Two beats of widely differing stroke volume were calculated in this way for each of the six dogs studied.
Observations on man. The results showed that, in terms of the model, the assumption of a constant rate of muscle shortening introduced only a small error in the calculation of the mean force opposing shortening (see below), and so the force was calculated in this way in a group of patients who, for various clinical reasons, were undergoing left heart studies. The relevant clinical data and the routine data obtained at catheterization are shown in Table I . In no patient was there clinical or hemodynamic evidence of incompetence of either the mitral or aortic valve.
The patients studied were grouped as follows. There were eight patients (Cases 1 to 8) in whom there was no evidence of any abnormality of the left ventricle as judged by conventional criteria. These patients were investigated either because of systolic murmurs subsequently found to be innocent, or with a view to doing pulmonary angiography in patients with episodes of chest pain suspected of being due to pulmonary embolism. Five patients (Cases 9 to 13) had chronic rheumatic heart disease with isolated mitral stenosis as the sole valvular lesion. In these, left ventricular abnormality could not be excluded because of the rheumatic etiology. The other patient in this group, Case 14, had thromboembolic pulmonary hypertension (resting pulmonary arteriolar resistance of 440 dynes per cm5) of the microembolic type and had lowered arterial oxygen saturation at rest (arterial saturation, 87%). Because of these findings, left ventricular abnormality could not be excluded. In seven patients (Cases 15 to 21) definite left ventricular abnormality was present (Table I) . Four patients (Cases 18 to 21) had elevated end-diastolic pressures at rest.
The patients were studied in the mornings at least 2 hours after a light breakfast and either with or without light sedation (100 to 200 mg pentobarbital an hour before the study). The left heart was catheterized using the technique described by Brockenbrough and Braunwald (16) . Left ventricular volume and pressure were measured simultaneously during a "steady state" as judged by pulse rate, blood pressure, respiration, and general composure of the patient. Left ventricular volume was measured using the indicator dilution principle. The methods used to measure left ventricular volume, together with experimental evidence for their accuracy in man, have been presented elsewhere (15) .
In the present study, as previously, 5 mg of cardiogreen in 4 ml of solution was injected rapidly into the left ventricle through a Brockenbrough catheter with multiple terminal openings. Beat by beat changes in indicator concentration in the ejected blood were detected by sampling at high flow rates (approximately 1 ml per second) just downstream from the aortic valve through a no. 5 thin-walled spray-tipped catheter, 32 to 36 cm in length, introduced through the axillary artery and connected to a Gilford densitometer model 103 (IR). The time constant LOAD, WORK, AND VELOCITY OF MUSCLE SHORTENING OF THE LEFT VENTRICLE of the densitometer was shortened so that 90% of the full response to a square wave input occurred in less than 0.04 seconds. The effective dead space of the assembled cuvette and sampling catheter was 0.34 ml. The 90% response time of the whole system was approximately 0.6 second, but this depended on the sampling rate which it was possible to attain, and this varied slightly from patient to patient.
Steady flow rates were obtained by using a Gilford constant flow system (model 105-S). Pressure was measured with Sanborn pressure transducers from a zero of 5 cm vertically below the sternal angle (with the patient supine) and recorded simultaneously with the dilution curve on a Sanborn direct writing recorder at a speed of 25 mm per second. The curves were calibrated immediately after the study by drawing arterial blood, freshly drawn from the patient and containing known concentrations of indicator, through the densitometer at the same flow rate as during the study.
Stroke volume (SV) was calculated according to the Stewart-Hamilton method by determining the area under the discontinuous dilution curve, but modified so that the mean concentration at each beat was measured (12) . The time interval was therefore 1 beat rather than I second. The concentrations were plotted semilogarithmically, and the exponential decline was extrapolated to a concentration of 0.1 mg per L ( Figures 3B and 4B ). The end-diastolic volume (EDV) was calculated as described by Holt (12) from the equation: EDV= CN [2] 1-C' CN_1 where CN and CN-1 are the concentrations of indicator in the blood ejected at beats N and N -1 during the exponential decay of the curve, and the ratio CN/CN-1 is the average of the ratios of the concentrations at successive beats during the exponential part of the curve. Left ventricular pressure was recorded through the Brockenbrough catheter. A three-way tap was attached to it so that with the completion of the injection the catheter could immediately be connected to a pressure transducer. Pressure measurements were made at 20msec intervals during beats occurring at end-expiration. The intrapleural pressures were not measured in these patients, but an arbitrary value of -3 mm Hg was assumed to represent the pressure within the thorax at the functional residual capacity of the lungs, and 3 mm Hg was therefore added to all pressure measurements. The ejection time was measured from the aortic pressure recorded through the sampling catheter immediately before the inscription of the dilution curve.
The external work performed in each beat was calculated from the product of the mean ejection pressure minus the end-diastolic pressure, and the stroke volume. It is expressed as kilogram-centimeters. Power transferred to the systemic circulation was calculated from the product of stroke work and heart rate and expressed as kilogramcentimeters per second. The mean force opposed averaged throughout the cardiac cycle (systole and diastole) was calculated from the product of FT, and the proportion of each minute spent in systole, i.e., the mean force opposed = [FT(TS X HR)]/60 where T. is the systolic time per beat in seconds and HR (heart rate) in beats per minute.
It is expressed in kilograms. Figure 1A shows an example of the instantaneous flow and pressure curves obtained in the dogs. They are representative of those from which the instantaneous circumferential shortening and the tangential force in the wall (FM) were calculated.
Results
In Figure 1B the calculated length of endocardial circumference is plotted at 10-msec intervals throughout the ejection period for each of three hypothetical end-diastolic volumes based on ESV/ EDV ratios of 30%o, 50%o, and 70%o. When the variations in circumference with time throughout ejection are compared with a linear relationship between the two, the differences are not unduly large ( Figure 1B ). This was a consistent finding in all the dogs studied.
These findings encouraged the view that if a constant rate of circumferential shortening were assumed, any errors introduced in the calculation of the net tangential force (FM) developed in the wall in that circumference would be small. In Figure 1C , TFM is plotted against time during the ejection period for each of the three end-diastolic volumes. The diameter D of Equation 1 has been obtained in two ways: a) from the instantaneous ejection rate and the relationships, Q = -dv/dt and V = KD8, and b) from V = KD8 and assuming a constant rate of circumferential shortening. The differences in the values obtained by each method for instantaneous force and mean force are clearly small. The values for mean force obtained by method b differed from those obtained by method a by -2%o at ESV/EDV of 307%o, -0.16%o at ESV/EDV of 50%o, and + 0.2%o at ESV/EDV of 70%o in the representative example shown. The differences in all experiments for the instantaneous and mean values were consistently small, and for the mean values this is illustrated in Figure 2 . In this graph are plotted the values for Fm obtained by each method in 12 beats in the six dogs studied. In each beat FM is calculated for three end-diastolic volumes given by the three ESV/EDV ratios quoted. With the ESV/EDV Changes in intrathoracic pressure were recorded from a polyvinyl catheter chronically implanted in the pericardial space. The zero for this pressure is not shown, but a deflection of approximately the width of the record was the equivalent to a pressure change of 20 cm of water. The two beats occurred at end expiration at constant intrathoracic pressure. Instantaneous flow is integrated to give stroke volume, the integrator being discharged from the ECG. The isovolumetric and ejection phases of the contractions are indicated. There is an inherent delay of from 2.5 to 5 msec in the flow signal, and this was allowed for in the calculations. ratio at 30%o, the mean difference was -2.5%o, and the differences ranged between -7.5% and + 0.2%. When the ESV/EDV ratio was 502%, the mean difference was -1.4%o and the differences ranged between -0.1o and -3.6%o. When the ESV/EDV ratio was 70%o, the mean difference was -0.2%o and the differences ranged between -1.4% and + 0.5%. The form of the force-time relationship during systole was consistent in all the experiments. With the onset of ejection there was an early brief rise after which the force fell rapidly during the remainder of the ejection period. In the example shown in Figure iC the ejection time was 150 msec, and the calculated force fell continuously after the first 40 msec, when as Figure 1A shows, the intraventricular pressure is still rising relatively rapidly.
When calculated instantaneous circumferential shortening velocity was plotted against calculated instantaneous force, a counterclockwise loop with some hysteresis was found in all instances. Figure   ID 1300~~~~~~~D. E. L. WILCKEN dline, in a stepwise manner at each beat. In Fig-Figure 4A shows a curve obtained during a study ure 3B the average concentrations at each step of a patient with a cardiomyopathy, who was in are plotted semilogarithmically and are seen to de-left ventricular failure with a relatively high cardline exponentially. In all the curves indluded in diac output. The indicator washes out of the yenthis study a similar exponential decline was found. tricle slowly ( Figure 4B) Figure 3A . against 11 beats in the normal patient of Figure  3B , and the values for EDV, ESV/EDV, and enddiastolic pressure are appreciably elevated. The values for ESV/EDV, EDV, and other relevant data obtained in the patients studied are shown in Table I . The normal patients are arranged in order of age, and there is a general trend towards an increase in ESV/EDV, and therefore a decrease in the proportion of the EDV ejected, in the older patients. The two youngest, both of whom were athletes, had the slowest resting heart rates, the largest stroke volumes, the smallest ratios of ESV/EDV, and the largest resting end-diastolic volumes related to body surface area. The smallest ratios of ESV/EDV and the smallest enddiastolic volumes related to body surface area were found in two patients with mitral stenosis. On the whole the EDV and ESV/EDV were large in the patients with definite left ventricular abnormality, markedly so in those with other evidence of left ventricular failure (Cases 18 to 21).
The values for Fm and circumferential shortening rate (dl dt) are also shown in Table I. In the normal group there appears to be a tendency for a given Fm to be associated with a slower shortening rate in the older patients even with the differences to be expected with variations in the size of the patients and presumably in the size of the left ventricular muscle mass considered. In two of the patients with mitral stenosis, those with the smallest hearts, FM was accordingly small, and dl dt was the highest of the whole series. But striking differences are evident when the values found in the two previous groups are compared with those found for hearts in which the left ventride was definitely abnormal. Fm is appreciably increased (normal patients: mean 3.41 kg, range 1.84 to 4.5 kg; abnormal patients: mean 6.06 kg, range 4.88 to 7.35 kg). The circumferential shortening rate is considerably decreased in four, whereas it is reasonably maintained in the two patients with aortic stenosis (Cases 15 and 16), who still remained compensated and in Case 19, who had an unusual type of cardiomyopathy (see below). ejection in the normal subjects was similar to that seen in the dogs ( Figures 1C and 3C ). There was an early brief rise after which the force fell steeply and continuously during the remainder of systole. This was not so in the patients in left ventricular failure in whom the contraction tended to be more isotonic. From its maximum in the early ejection period the force fell much more slowly ( Figure 4C) .
The external work produced in these contractions is shown in Table II Figure 4A . The Figure 3C , this contraction is almost isotonic. normal subjects. The patients with mitral stenosis gave values either within or above this range, whereas in the group with definite left ventricular abnormality, there was a general tendency for this ratio to be depressed (mean 0.50, range 0.82 to 0.27). When the factor of heart rate was considered and the power transferred to the systemic circulation related to the average force that the left ventricle opposes in each second, similar differences emerged (Table II , C/D). The differences between the normal and abnormal subjects are definite, and in one patient (Case 15), in whom the ratio external work/load is in the normal range, this second ratio (C/D) is below the range of values found in normal subjects. The values for the patients with mitral stenosis were all above the lower limit of the range found in normals.
Discussion
Ventricular volume. Calculations of the forces opposing left ventricular ejection are critically dependent on the accuracy of the volume measurements. The validity of the present method for measuring left ventricular volume in man was investigated in a previous study (15) , and the findings suggested that the results obtained by this method are accurate in man. The values for ESV/EDV found with the present system in normal subjects (mean 54%o, range 46 to 62%o, eight subjects) were the same as those recently reported by Gorlin and his associates (17) using thermodilution (mean 56%o, range 49 to 63%, seven subjects). Values of roughly the same order were also found by Folse and Braunwald (isotope dilution) (18) and Bristow and his associ- (19) . The shorter timeconstant of the thermodilution technique is an advantage, but the similar values obtained indicate that at normal heart rates the time-constant of the present method is adequate for studies in man. On the other hand, stroke volume and ESV/EDV, and therefore EDV, are obtained from the same curve with the method used in this study rather than from consecutive thermodilution and dye dilution curves. This tends to minimize errors. Angiographic methods for measuring left ventricular volumes in man have given resting values for EDV and ESV/EDV in normal adults lower than those found in the present investigation (20) (21) (22) , but there are indications that at least some of the values obtained by the former method are too low (17) . At present these differences are unresolved. The five patients with mitral stenosis, as a group, had considerably smaller ventricular volumes than the normal patients. This becomes more apparent when the EDV per square meter of body surface area is compared with that of normal patients, measured at approximately the same heart rates (Table I ). The EDV was smaller in four of the five patients and in the normal range in the other (Case 11). The three smallest values in the whole series for end-diastolic volume related to body surface area occurred in patients with mitral stenosis. A small left ventricular volume in pure rheumatic mitral stenosis was an expected finding, since it is a matter of clinical observation that the left ventricle, as seen radiologically and at thoracotomy, is small in patients with mitral stenosis. However, the data further demonstrate that one way in which the output is maintained in mitral stenosis is by greater emptying of the left ventricle. This is in accordance with an inverse relationship between the force generated and velocity and extent of muscle shortening. It is well shown in two patients with severe mitral stenosis (Cases 9 and 10) in whom the left ventricle was very small and the values for ESV/EDV (33.5%o and 38%o) and load (mean circumferential force per m2 of BSA of 1.20 and 1.08 kilograms) were the lowest of the series. They also had the fastest average shortening rates and the greatest percentage of shortening. These findings for ESV/EDV and EDV differ from those of Bristow and his associates (19) and Gorlin and his associates (17) in patients with severe mitral stenosis.' They found values for EDV and ESV/EDV in the normal or increased range using thermodilution. These differences may reflect variations in the severity of myocardial rheumatic involvement, as it would be anticipated that a normal or increased ESV/EDV and EDV in severe isolated mitral stenosis could be due to impaired muscle function.
Load and circumferential shortening rate. The calculated forces represent approximations only of the forces opposing shortening, as the assumptions underlying the method of calculation are not completely fulfilled. The left ventricle is not spherical and in end diastole normally resembles more a prolate spheroid (23) or a truncated cone (24, 25) . It does, however, tend to become more spherical as it fails and dilates, and during the period of isovolumetric contraction it becomes more spherical in both normal and abnormal hearts (24, 25) . Because of these changes in shape it is incorrect to assume that no shortening occurs during the period of isovolumetric contraction, but such shortening as does occur is almost entirely in the long axis of the ventricle and represents only a small proportion of the total shortening. In general, errors in the calculated FT and FM due to this factor should be small, as pressure is the variable in which large changes are occurring, and this can be measured reasonably accurately. Furthermore, the period as a whole is short and, as can be seen from Figures 1B, 3B , and 4B, the mean force opposed during this period is considerably less than the mean force opposing the whole contraction. For similar reasons, the errors introduced during the period from the closure of the aortic valve until the intraventricular pressure falls to its lowest level will be relatively small.
The forces are largest during the ejection period. The errors introduced by assuming a constant rate of ventricular muscle shortening in the calculation of the load were found to be negligible for ventricular volumes and ESV/EDV ratios in the physiological range. Even smaller errors would be expected if the ratio and EDV were larger than the range studied, for then the volume change during ejection would be smaller in relation to the EDV and ESV.
The form of the aortic flow curve is determined by the manner in which the left ventricular muscle shortens. In dogs the aortic flow curve has the same general form under widely differing conditions. When large changes in load were produced in conscious dogs, resulting in appreciable changes in stroke volume and evidence of changes in levels of neurohumoral stimulation, the flow curve, although altered, retained the same form (6) . During marked sinus arrhythmia variations in stroke volume of up to 50% occurred in consecutive beats in resting or sleeping dogs (26) . These stroke volume changes were accompanied by changes in the ejection time, in the peak and mean aortic velocity, and in the acceleration of the ejected blood such that the curves tended to retain the same shape (26) . These findings indicate that the ejection pattern, on which the present findings depend, tends to be relatively constant and suggests that the present findings are applicable generally in the dog.
Instantaneous flow curves recorded at the root of the aorta of patients with both normal and abnormal left ventricles have the same general form as those found in dogs (27) (28) (29) . Although the term in the calculation of load that depends on ventricular volume is normally much larger in man than that in the dog, as the ejection pattern is the same, the errors introduced should not be any larger. For these reasons it is very likely that the conclusions drawn from the dog experiments apply also to man. It seems reasonable to conclude that relatively accurate values for the forces opposing normal and abnormal left ventricular contraction in man may be calculated by using the method proposed.
Evidence has been provided by Hefner, Sheffield, Cobbs, and Klip, with direct force measurements in dogs (30) , that a spherical model describes closely the behavior of the rim of muscle encircling the left ventricle parallel to and just below the atrioventricular groove, in terms of the forces it generates and opposes. These findings encourage the view that FM as calculated in the present study corresponds closely to the actual net tangential force developed in the ventricular muscle in the plane under consideration. The force FM d-pends only on the intraventricular pressure and the cross sectional area of the cavity and is independent of the size and shape of the remainder of the ventricle. From all these considerations it seems likely that Fm represents more accurately the mean force generated by the muscle in the plane being considered than does FT the load op-1306 LOAD, WORK, AND VELOCITY OF MUSCLE SHORTENING OF THE LEFT VENTRICLE posing total left ventricular shortening. It is probable though that FT itself is not greatly in error.
Dodge, $andler, Ballew, and Lord (23) showed angiographically that the left ventricle in man closely resembles a prolate spheroid having a major: minor axis of approximately 2: 1. Differences in the values obtained for a calculated force when this and a spherical model are used have been shown to be small (17) .
As far as the author is aware, there are no other values available in the literature for FT and Fm in man, with the exception of a recent report by Gorlin and his associates (17) published after the work contained in this paper was completed. Gorlin and his associates (17) presented data for the mean systolic force in man. They estimated a mean systolic radius from the sum of the endsystolic radius and one quarter of the difference between the end-diastolic and end-systolic radius. This value and the mean systolic pressure of the left ventricle were used in the calculation of mean force. In the present study an integrated mean force was calculated.
The values obtained by Gorlin and his associates (17) in seven patients with normal hearts were consistently higher than those represented here. The calculated mean force obtained was 22%o higher than in the present study and 23%o higher when the force was expressed per square meter of body surface area. As ventricular volumes and heart rates were similar in the two studies, and a systematic pressure difference seems unlikely, it seems probable that the difference is due to the method used to calculate the force.
The present studies provide data for the form of the force-time relation during systole in man ( Figure 3C ). In normal resting subjects it was similar to that found by Hefner and his associates in anesthetized dogs using direct measurements (30) . A similar relation was found under physiological conditions in the present dog experiments for the wide range of values for EDV and ESV/ EDV used. A fall in load must occur towards the end of normal systole, after the peak pressure has been reached, since ventricular volume is still decreasing; accurate intraventricular pressure measurements show the peak pressure to occur normally about two-thirds of the way through the ejection period ( Figure 1A) . The present studies show that the load actually begins to decrease during the first third of the ejection period, at a time when the pressure is still rising rapidly ( Figures  1C and 3C) .
The loops describing the relationship between instantaneous force and instantaneous shortening velocity (Figure iD) were similar to those depicted recently by Levine and Britman (31) , and the maximal force occurred at approximately the same point on the loop; but it is not possible to compare the values obtained.
The calculated shortening rate changed considerably over the whole ejection period, but tended to reach a plateau in mid systole ( Figure 1E ). Records of direct measurements of movements of the left ventricular circumference and diameter in dogs (32, 33) reveal that in these too there is a period, about half the length of ejection, in which shortening rate does not vary greatly. This is a point that has not been commented upon previously.
In the patients there is a trend towards an inverse relationship between the average shortening rate and load (Table I) , which is improved when the data are related to body surface area. Nevertheless it is not possible to draw any conclusions about this relationship in view of the almost certain differences in inotropic state between the patients, the variations in wall thickness and initial volume, and the fact that in the majority of cases the muscle was pathological.
Load and external work and power. The variations in force with time found in the patients and calculated in the dogs permit some deductions about the external work performed during left ventricular contraction. Hill (34, 35) has pointed out that to obtain maximal work from a contraction, the load must be adjusted so that at each instantaneous length during shortening the muscle is just, and only just, able to overcome it. As maximal tension is known to develop early in a skeletal or cardiac muscle twitch, and thereafter progressively and more slowly to decline, maximal external work can only be obtained if there is an early rapid increase in load followed by a progressive decline to match precisely the early rise and slower decline in tension. These conditions have been reproduced experimentally for skeletal muscle (2, 35) .
The data presented in this paper show that this pattern of loading is approached in the normal left ventricle in that the load progressively declines as the contraction proceeds. But how closely the de-1307 dine in load is "matched" to the decline in maximal possible tension is not revealed by this study. Matching cannot be perfect because there are isovolumetric periods, but it seems probable, nonetheless, that it is fairly close; in an earlier study in normal conscious dogs any sudden change in load during a steady state, either an increase or decrease, always resulted in a fall in the amount of external work done in the subsequent beat (6) . The present study also demonstrates that in a failing left ventricle contractions are nearly isotonic ( Figure 4C ). It is impossible to choose a constant load that remains an optimum at all lengths during shortening (2) . Because of this the contractions of a failing left ventricle must do less external work than would be the case if the load could be modified so as to decline with the decline in tension.
In studying the relationship between the force opposed and the external work performed, units of measurement were chosen that would allow the two to be compared conveniently. Some conclusions about the efficiency (external work/energy input) of the contractions may be drawn from these data. Britman and Levine (36) recently found that contractile element work and myocardial oxygen consumption were highly correlated in the dog, much more so than was oxygen consumption with other indexes currently used. Contractile element work takes account of the two mechanical effects of the contractile effort, the force generated (by lengthening of the series elastic component) and fiber shortening. The former is the force developed, and the latter determines the amount of external work done. The data of Britman and Levine (36) therefore provide evidence that the oxygen consumption of the left ventricle is closely related to the energy expended by the contractile component in producing the two mechanical effects being measured. If these data are applicable to man, a fall in the ratio of external work to force developed, resulting from a rise in the force developed, would indicate a less efficient contraction. When the end-diastolic pressure is normal this ratio is determined largely by the relationship between stroke volume and mean systolic ventricular volume. This is not necessarily so when the end-diastolic pressure is raised, as it may be with or without an increase in enddiastolic volume depending on the distensibility of the ventricle.
As Table II shows, the ratio of external work to load found in the normal subjects varied between 1.07 and 0.58 (mean .83). It seems possible that a variety of circumstances including age and physical fitness could affect these ratios, and it might be relevant that Cases 1 to 4 and Case 8, who had the highest resting ratios, had nonsedentary occupations and took frequent exercise. This was not so in Cases 5 to 7 in whom the ratios were lower. It is however doubtful whether Patients 5, 6, and 7 are completely normal although these somewhat depressed ratios of work/load provide the only available direct evidence for left ventricular abnormality. Patient 5 had had two substantial pulmonary emboli, Patient 6 had had an oophorectomy several years previously, complained of atypical chest pain, and had an elevated serum cholesterol, and Patient 7 had multiple small pulmonary emboli, but had no evidence of pulmonary hypertension or arterial desaturation. Those patients with unequivocally abnormal left ventricles showed ratios that were either abnormally low or in the lower normal range (with one exception, Case 19). The two patients with aortic stenosis (Cases 15 and 16) had ratios in the low normal range. This could be due to the development of sufficient functioning hypertrophy to maintain work-load and efficiency-load relationships somewhere near normal even though, as both work and load are increased, over-all left ventricular energy expenditure was presumably increased. This might also be so in Case 19, who had an unusual form of cardiomyopathy with extreme left ventricular hypertrophy, a high resting cardiac output, and some systemic hypertension, and appeared to be similar to the patients with idiopathic myocardial hypertrophy described by Braunwald and Aygen (37) . On the other hand; due to a decrease in load (related to body surface area) the ratio of external work to load was considerably above the normal range in one patient with mitral stenosis (Case 9). The significance of this is not at present apparent.
The force averaged over each second takes account of both the frequency and the duration of the contraction. It is possible that a consideration of this and the rate of doing external work (external power) may give a clearer indication of the way in which the left ventricle utilizes the energy available to it. The separation between the normals and abnormals is again clear-cut. In two patients with abnormal left ventricles (Case 16, who had compensated aortic stenosis, and Case 19 with the unusual cardiomyopathy) the values were above the lower limit of the range of values found in the normals. The values were within the "normal" range in all the patients with mitral stenosis, in whom there was a wide range of values. Further data are required before the significance of this can be established, but it seems likely that in one patient with mitral stenosis (Case 13) in whom the left ventricle was small the low ratios of external power/load averaged over a second and of work/load indicate impaired muscle function.
In heart failure the abnormality is not usually of energy production by the heart but the energy utilization (38, 39) , and the mechanical disadvantage of cardiac enlargement has been repeatedly emphasized in theoretical discussions (8, 9, 40) . By quantitating the forces opposed and external work performed during contraction the present studies demonstrate this for the left ventricle in man, in that they show that large amounts of energy must be spent in generating and opposing forces that are increased greatly above normal, in order to transfer a normal or reduced amount of power to the systemic circulation. But in addition these data permit the severity of the mechanical abnormality to be estimated, and the methods proposed may prove sensitive in determining lesser degrees of impaired heart muscle function. Summary 1) Methods for calculating the forces opposing left ventricular ejection were studied in six conscious dogs. It was concluded from these experiments that force-time relationships during left ventricular systole could be studied with reasonable accuracy without knowing the instantaneous aortic flow rate if the end-diastolic volume, the intraventricular pressure, and the stroke volume are measured and a constant rate of fiber shortening is assumed. Although fiber shortening rate was not constant, the errors introduced by assuming a constant rate were found to be small. Evidence for the applicability of these data to normal and abnormal human hearts is discussed.
2) Based on these findings, instantaneous force and the integrated mean force opposing left ventricular ejection were calculated in 21 patients, using left ventricular volume and pressure measurements.
3) The effects of the variations in force during contraction on the external work performed were considered. The data were consistent with the load varying in such a manner as to permit the normal left ventricle to perform nearly maximal external work during contraction. This was not the case in patients in heart failure. In these the contractions tended to be isotonic. 4) In eight patients with normal left ventricles, the mean force acting tangentially to the circumference varied between 1.59 and 2.28 (mean 1.93) kg per square meter of body surface area. Patients with mitral stenosis had small left ventricular volumes, and the forces opposing ejection were less. Large forces were found in a group of patients with abnormal left ventricles. 5) External work and power were related to the forces opposed. Values obtained in the normal patients and in those with mitral stenosis tended to fall within the same range. In the patients with abnormal left ventricles the values tended to be reduced. The implications of these findings are discussed.
